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Study  region:  The  Muskeg  River  Basin  located  in the  Oil-Sands  region  of  northern  Alberta,
Canada.
Study  focus:  An  integrated  modelling  framework,  which  combines  a process-based  dis-
tributed  hydrologic  model  with  a dynamic  land-cover  simulation  model  is  used  to  evaluate
the effects  of  climate  and  land-cover  changes  on  the  hydrological  regime  in the  basin.
Land-cover  types  corresponding  to three  hypothetical  levels  of  future  industrial  expan-
sion  are  synthesized  based  on  the  current  lease  holdings  for  the  Oil-Sands  development
in  the  region.  An ensemble  of hydrologic  simulations  based  on  multiple  climate-change
projections  is performed  with  future  land-cover  scenarios  during  a baseline  (1980–2010)
and  two future  (2050  s  and  2080  s) periods.  The  effects  of  climate  and  land-cover  changes
are quantiﬁed  through  various  hydrologic  indicators  using  a range  of  variability  approach.
New hydrological  insights  for the region:  Analysis  of the  relative  contribution  of  inter-annual
climate  variability  and land-cover  change  to the historical  streamﬂow  demonstrates  the
necessity  to  consider  both  in evaluating  future  water  availability  in the  basin.  Results  indi-
cate that  modiﬁcation  to  evapotranspiration  rates  caused  from  land-cover  change  affect
spring and  summer  ﬂows.  Wetter  and  warmer  conditions  in the  projected  climate  are  found
to increase  spring  and  winter  streamﬂows.  Sensitivity  analysis  of  the  hydrologic  indicators
computed  from  the  simulated  ﬂows shows  that  land-cover  change  may  play  a larger  role
in affecting  the hydrologic  regime  than  climate  change,  except  that  of spring  runoff.
Crown  Copyright  © 2016  Published  by Elsevier  B.V.  This  is  an open  access  article  under
the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Regular assessment of water availability is essential to manage and maintain sound ecologic and socio-economic condi-
tions in a hydrologic system. Producing and evaluating different projections of future water availability is also essential in
guiding long-term water resources planning and management (Najaﬁ et al., 2012; Nam et al., 2015; Wagener et al., 2010;
Woznicki et al., 2015). In particular, understanding the spatial and temporal distributions of water availability is very impor-
tant for the Oil-Sands region of northern Alberta, Canada, where water is an essential part of the mining and extraction
process. One of the factors that can cause changes in the hydrologic regime in the study region is land-cover change caused
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licenses/by-nc-nd/4.0/).
H.-I. Eum et al. / Journal of Hydrology: Regional Studies 8 (2016) 198–221 199
Table  1
Percentage of each land-cover type within the Muskeg River basin in 2000, 2005, and 2012 and the corresponding percentage changes from the baseline
land-cover of 2000.
Land-cover type Land (2000)(1) Land (2005)(2) Land (2012)(3) (2)–(1) (3)–(1)
Water 0.6 0.5 0.5 −0.1 −0.1
Exposed Land 0.4 7.4 15.3 7.0 14.9
Shrub  Tall 0.4 0.4 0.3 0.0 −0.1
Wetland-Treed 12.6 12.0 11.5 −0.6 −1.1
Wetland-Shrub 17.6 15.5 14.0 −2.1 −3.6
Wetland-Herb 0.7 0.6 0.6 −0.1 −0.1
Coniferous Dense 55.7 52.6 48.6 −3.1 −7.1
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cConiferous Open 0.8 0.4 0.4 −0.4 −0.4
Broadleaf Dense 10.1 9.5 7.8 −0.6 −2.3
Mixedwood Dense 1.1 1.0 0.9 −0.1 −0.2
y industrial activities that convert land-cover types (e.g. from forests to exposed land). Such land-use conversions have
een noted to alter land-atmosphere energy balances (Bonan, 1997) and hydrological processes (Cuo et al., 2011; Mugabe
t al., 2011; Sun et al., 2012). A number of previous studies have attempted to quantify the impacts of land-cover change
n hydrological processes (e.g., Im et al., 2009; Lin et al., 2007; Thanapakpawin et al., 2006). However, estimating the spe-
iﬁc hydrological effects of land-cover change is challenging mainly due to the relatively high natural variability in most
ydrological systems and the dearth of experimental studies conducted at large regional scales (DeFries and Eshleman,
004). Moreover, given that hydrologic systems are generally inﬂuenced by the two  major drivers (i.e. inter-annual climate
ariability and land-cover change), it is difﬁcult to make quantitative attribution as to the cause of change in the hydrologic
egime from the observed streamﬂow time series (Wei  and Zhang, 2010; Zhang et al., 2008). Advanced statistical methods
nd experimental simulations by physically-based hydrologic models, have been used in the past to examine hydrologic
esponses to land-cover and climate variability (Cuo et al., 2011; Huisman et al., 2009; Milly and Dunne, 2002). This study
mploys a modiﬁed double mass curve method (Wei  and Zhang, 2010) to evaluate the respective contributions of inter-
nnual climate variability and cumulative land-cover change on observed streamﬂow using hydrologic simulations under a
atural land-cover condition.
An integrated modelling approach that couples a spatially-explicit land-cover change model with process based hydro-
ogical model has also been used in recent years to evaluate the effects of land-cover change on hydrologic responses of
ifferent watersheds (Bithell and Brasington, 2009; Cuo et al., 2011; Fohrer et al., 2005; Lin et al., 2007). These studies illus-
rated that employing a robust model of land-cover change operating at a grid cell scale is essential to accurately evaluating
he effects on hydrological processes. Among the various cell-based land-cover simulation models, the Cellular Automata
CA) model has been most successfully used for various applications including land-use change studies (Hasbani, 2008;
asbani et al., 2011; Ménard and Marceau, 2007; Wijesekara et al., 2012). CA is particularly useful in evaluating the effects
f complex land-cover change dynamics because of its simplicity, ﬂexibility and efﬁciency (Santé et al., 2010; Shen et al.,
009). Land-cover in the Muskeg River Basin (MRB) in the Oil-Sands region of northern Alberta, Canada has been modiﬁed
y development with an increase in the percentage of the exposed land by 14.9% during the period between 2000 and 2012
s shown in Table 1. Moreover, part of this altered land area has been hydrologically closed-circuited in such a way  that
atural exchange of water with the rest of the watershed is not allowed. In this study, possible future land-cover change
cenarios are simulated within the Oil-Sands lease boundary using the CA model.
Climate change, which is a source of global-wide alteration of water cycle and subsequent consequences in agricultural,
ydrologic, and ecological systems (Chang and Jung, 2010; Kim et al., 2015; Monk et al., 2011), is the other potential factor
or changes in the hydrologic regime in the MRB. A hydrologic model capable of solving the full energy balance is essential
o accurately simulate cold-climate hydrologic processes such as snow accumulation, snowmelt and inﬁltration into frozen
round, and accurately evaluate the potential impacts of climate and land cover changes on the hydrologic regimes. An ability
o efﬁciently use raster-based land-cover types as identiﬁed by the CA model is also an essential criterion for selecting a
ydrologic model to simulate the impacts of land cover changes. The Variable Inﬁltration Capacity (VIC; Liang et al., 1994)
odel is a distributed and processe-based hydrologic model that has been successfully applied to river basins with snow-
ominated hydrology for evaluating the effects of land-cover change (Cuo et al., 2009, 2011) and climate change (Christensen
nd Lettenmaier, 2007; Elsner et al., 2010; Werner et al., 2013).
Therefore, this study uses VICcoupled with the CA land-cover simulation model to evaluate the effects of projected
limate and land-cover changes on the hydrological regime of the MRB  in the Oil-Sands region of northern Alberta, Canada.
he study employs 12 climate projections from a combination of 6 Global Climate Models (GCMs) from the latest Coupled
odel Intercomparison Project (CMIP5; Shefﬁeld et al., 2013) and two  statistical downscaling (SD) methods (Murdock et al.,
013) under the two representative concentration pathways (RCP4.5 and RCP8.5). Hence, a total of 24 climate projections (6
CMs × 2 RCPs × 2 SD methods) are used in this study to examine the effects of climate change on the hydrologic responses
f the MRB. Six Water Resources Indicator (WRI) and twenty-eight Indicators of Hydrologic Alteration (IHA) (Richter et al.,
996) are used to quantify the degree of alteration in the magnitude, timing, duration and frequency of hydrologic regimes.
Therefore, the objectives of this study are to (1) evaluate the relative effects of inter-annual climate variability and
umulative land-cover change on historical observed streamﬂow data, (2) simulate future land-cover scenarios in the MRB
200 H.-I. Eum et al. / Journal of Hydrology: Regional Studies 8 (2016) 198–221Fig. 1. The Muskeg River Basin (MRB) including the locations of the operating Oil-Sands mines and the hydrometric station used for hydrologic model
calibration/validation and analysis.
using the CA model, (3) assess the impacts of projected climate and land-cover changes on streamﬂow using the VIC model
forced by the CMIP5 climate projections, and (4) evaluate the combined effects of climate and land-cover changes on an
array of hydrologic indicators for the MRB.
2. Study basin and climate data
2.1. Muskeg river basin
The Muskeg River basin is located in the Athabasca Oil-Sands region of northern Alberta, where it receives 460 mm  of
mean annual precipitation (Environment Canada, 2005). Draining an area of 1460 km2, it is dominated by peatland having
poorly-drained hydrologic characteristics. Approximately 55% of the drainage is upland area, with the headwaters at an
elevation of approximately 560 m,  while 44% is considered lowlands. Roughly 1% of the drainage basin is lake area and much
of the lower landscape is dominated by Muskeg (Golder Associates, 2002). Discharge is monitored by the Water Survey of
Canada (WSC) near Ft. McKay (station number: 07DA008) during the open-water season (Fig. 1), although a complementary
hydrometrics program operated by the Regional Aquatics Monitoring Program (RAMP) has measured ﬂow during the winter
season (October to March) since 2009.
The MRB  contains four operating Oil-Sands mines, which have modiﬁed the basin land cover composition. Speciﬁcally,
the area of exposed land has increased by 15% over a 12 year period between the years 2000 and 2012 (Table 1). Developed
areas in the region where natural exchange of water with the rest of the watershed is not allowed (e.g., tailings ponds)
to circumvent the impacts of industrial activities on water quality and the environment are designated as hydrologically
closed-circuited. The areas where there is natural exchange of water with the rest of the watershed (e.g., cleared land) are
designated as not hydrologically closed-circuited areas (RAMP, 2011). Further industrial developments are also planned in
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Table  2
The GCMs and emission scenarios (RCPs) from the CMIP5experiment and downscaling techniques used to generate forcing data in this study.
ModelAbbreviation Modelling Center RCP/SD method Primary reference
CNRM-CM5.1 Centre National de Recherches Meteorologiques and Cerfacs RCP4.5 &
RCP8.5/
BCCI & BCSD
Voldoire et al. (2013)
CanESM2 Canadian Centre for Climate Modelling and Analysis Arora et al. (2011)
ACCESS1 Centre for Australian Weather and Climate Research Marsland et al. (2013)
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ﬂINMCM4 Institute of Numerical Mathematics of the Russian Academy of Sciences Volodin et al. (2010)
CSIRO-Mk3.6.0 Commonwealth Scientiﬁc and Industrial Research Organisation Jeffrey et al. (2013)
CCSM4 National Center for Atmospheric Research (NCAR) Gent et al. (2011)
he region, and as of 2013, the Oil-Sands lease boundary covers 72% of the total MRB  area, or approximately 1051 km2 (as
erived from Alberta Energy Oil-Sands Lease Agreement http://www.ramp-alberta.org/data/map/mapdata.aspx).
.2. Climatic data
High resolution gridded precipitation and temperature data, developed from station observations using trivariate thin-
late smoothing splines termed ANUSPLIN (Hutchinson, 2004), are used to calibrate and validate a distributed and process
ased hydrologic model of the MRB. ANUSPLIN provides the gridded data set at 10-km resolution over Canada taking
nto account complex spatial patterns in elevation and weather-station density (Hopkinson et al., 2011; Hutchinson et al.,
009). Compared to other gridded data sets, such as the North America Regional Reanalysis (NARR) and the Canadian
recipitation Analysis (CaPA), ANUSPLIN (generated by Natural Resource Canada), which includes daily precipitation and
inimum/maximum air temperature data, has been found to provide the most reliable long-term high-resolution grid
ata for Canada (Eum et al., 2014). Given this, it has been used as the benchmark “observed” data to evaluate the accuracy
f regional climate models (Eum et al., 2013), and to set up distributed hydrologic models for parameter calibration and
alidation (Shrestha et al., 2012).
The latest generation of GCMs are the CMIP5 long-term experimental runs corresponding to the four different levels of
oncentrations (RCP2.5, RCP4.5, RCP6.0, and RCP8.5) in which the labels of RCP represent a rough estimate of the radiative
orcing in the year 2100 (Taylor et al., 2012). Among the 26 CMIP5 experiments with future projections for a mid-range
itigation (RCP4.5) and high emission scenario (RCP8.5), Murdock et al. (2013) selected 12 GCMs that explained almost 90%
f the variation in climate extreme indices (Karl et al., 1999) and seasonal means for western North America (WNA) (Giorgi
nd Bi, 2005) and ranked them according to their ability to represent a wider range of climate extremes and seasonal means
f precipitation and temperature. Murdock et al. (2013) also employed two statistical downscaling methods, including Bias-
orrection/Spatial Disaggregation (BCSD; Wood et al., 2004) and Bias-Correction/Climate Imprint method (BCCI; Hunter and
eetemeyer, 2005) to downscale GCMs’ data (precipitation, minimum and maximum temperature) at 10-km resolution,
imilar to that of ANUSPLIN. Assuming that half of the 12 ranked GCMs may provide enough spread of projected future
limate, six GCMs are selected that best represent a range of climate change for WNA  (Table 2). Consequently, a total of 24
limate projections (6 GCMs × 2 RCPs [RCP4.5; RCP8.5] × 2 downscaling methods [BCCI; BCSD]) are applied to investigate
he impacts of projected climate change on the hydrologic regime of the MRB.
. Methods
.1. Contributions of inter-annual climate variability and land-cover change to changes in historical streamﬂow
Hydrologic systems are mainly inﬂuenced by inter-annual climate variability and land-cover conditions. However, iden-
ifying and quantifying the hydrologic impacts of land-cover change from inter-annual climate variability based on observed
treamﬂow data are not straightforward. Wei  and Zhang (2010) suggested a method to quantify the contributions of climate
ariability and land-cover change to the change of annual streamﬂow using a modiﬁed double mass curve method (Buttle
nd Metcalfe, 2000). The method is applied in this study to estimates the relative contribution of land-cover change by
omputing deviation of accumulated streamﬂows between the observed and simulated values, where the simulated value
s obtained from the VIC hydrologic model of the MRB  under the natural (Land, 2000) condition. Under an assumption that
treamﬂow variation is derived from only inter-annual climate variability and land-cover change, therefore, the accumulated
treamﬂow deviation (Qal) resulting from land-cover disturbance can be calculated by Eq. (1).
Qal(t) = Qa(t) − Qa0(t) (1)
here Qa(t) and Qa0(t) are the model simulated and observed accumulated annual ﬂows. In addition, the accumulated annual
ow variation resulting from climate variability (Qac) is calculated by Eqs. (2)–(6).
Qac(t) = Qa − Qal (2)
Qc(t) = Qac(t) − Qac(t − 1) (3)
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Table 3
Layers of driving factor and land-cover types incorporated in the CA model.
Types Layers
Driving factor Elevation [m]
Distance to the nearest reﬁnery [m]
Land-cover Numbers of exposed land cell
Numbers of shrub cell
Numbers of wetlands cell
Numbers of coniferous cell
Numbers of broadleaf cell
Numbers of mixed wood cell
Ql(t) = Qal(t) − Qal(t − 1) (4)
Qa(t) = Q (1) + Q (2) + · · · + Q (t − 1) + Q (t) (5)
Q (t) = Q (t) − Qr (6)
where Qc(t) and Ql(t) are annual mean ﬂow variation due to inter-annual climate variability and land-cover change at
year t, respectively. Qac is the accumulation of streamﬂow deviation resulting from inter-annual climate variability, Q(t)
is annual ﬂow variation from mean annual ﬂow during the reference period (Qr) at year t, and Qa(t) is accumulation of
Q(t) at year t. Then, the relative contributions of land-cover change and inter-annual climate variability, Rl(t) and Rc(t), are
obtained from Eqs. (7) and (8).
Rl(t) = |Ql(t)|/ (|Ql(t)| + |Qc(t)|) × 100 (7)
Rc(t) = |Qc(t)|/ (|Ql(t)| + |Qc(t)|) × 100 (8)
The reference period from 1980 to 2000 is selected for this study and Rl(t) and Rc(t) are calculated for the period from
2001 to 2010 to test how the land-cover change and inter-annual climate variability during this period have inﬂuenced the
corresponding change in streamﬂow for the study basin.
3.2. Cellular Automata (CA) model for land-cover change simulation
This study applies the CA model to project land-cover maps for the MRB  by deﬁning the neighbors that are within a circle
with 240 m radius (i.e. 3 cells for 0.004 ◦ resolution) at the center of each cell. The objective of the CA model in this study
is to simulate land-cover changes resulting from future Oil-Sands development in the MRB. Based on the historic rate of
industrial development in the basin, the CA model is applied to project the evolution of future land-cover types in the region.
The CA model uses spatial layers of land-cover types and external driving factors to characterize the state of every grid cell
in the region. Table 3 shows the layers of driving factor and land-cover types incorporated in the CA model. According to
the raster-based historical land-cover maps, most signiﬁcant land-cover changes in the MRB  have occurred around the Oil-
Sands mining developments that are at lower elevations in the basin. Therefore, elevation of each cell and its distance to the
nearest industrial operation are chosen as the driving factors. In addition, ﬁve land-cover transitions from shrub, wetland,
coniferous, broadleaf or mixed wood to exposed land are considered. Based on the information of the layers stored in each
cell, conditional transition rules are identiﬁed from frequency histograms, and then corresponding parameters (i.e. mean
and standard deviation for each layer) are calculated for each conditional transition rule during calibration. The CA model
project land-cover types by deﬁning the neighbors that are within a circle with 240 m radius (i.e. 3 cells for 0.004 ◦ resolution)
at the center of each cell. More details on the calibration procedures for the CA model are found in Hasbani (2008). This
study identiﬁes 29 transition rules from frequency histograms using 2006, 2008, and 2010 historical land-cover maps and
calculates parameters for each layer in a transition rule. An assumption is also made that no new land-cover type will show
up in the future, i.e. land cover transitions will be similar to those that have occurred in the past. The conditional transition
rules extracted from the calibration are then converted into a mathematical transition rule by a resemblance index (RI) that
explains the similarity of neighbors between the transition rule and the simulation as shown in Eq. (9).
RI =
I∑
i=1
|ni − xi|
i
(9)
where I is the number of layers (six in this study), ni is the value of layer i, and xi and i are mean and standard deviation for
layer i in a transition rule, respectively. Lower values of RI indicate greater similarity of the neighbor conﬁguration to the
transition rules. Using the RI values sorted in descending order, the transition rules are applied at each time step to the cells
that have smaller RIs up to a maximum number of cells assigned by modelers as a user-speciﬁed constraint.
The main assumption in the application of the CA model in the MRB  is that land-cover change occurs
only within the Oil-Sands lease boundary as per the Alberta Energy Oil Lease Agreements (available at
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Table  4
Historical change of the number of exposed land cells from 2005 to 2013 and average rate of land-use change for exposed land (refer to http://www.ramp-
alberta.org/data/map/mapdata.aspx).
Year Number of exposed land cells Changes in the number of exposed land
cells between consecutive years
Area of land-use change (km2)
2005 3302 – –
2006  4149 847 84
2007  4647 498 49
2008  5061 414 41
2009  5358 297 29
2010  5372 14 1
2011  5572 200 20
2012  6020 448 44
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r2013  6480 460 46
Average 397 39
ttp://www.ramp-alberta.org/data/map/mapdata.aspx). Land-cover changes in the region affect the hydrologic systems
ainly in two ways; (1) non closed-circuited areas where the land-cover (vegetation) has been removed but that still con-
ribute to the river systems and (2) closed-circuited areas from which precipitation is collected and stored on mine sites
nd that are non-contributing to the river system anymore with implication of reducing the total drainage area in the
asin (refer to http://www.ramp-alberta.org/river/hydrology/human+inﬂuences.aspx). Because the Oil-Sands lease bound-
ry covers 72% of the total MRB  area, streamﬂow over the MRB  might be dramatically decreasing if all the future land-cover
hanges occurring within the Oil-Sands lease boundary are to be treated as hydrologically closed-circuited areas, resulting in
xtremely negative impacts on hydro-ecology of the region. While applying a ratio of closed-circuited areas to total exposed
and for future land-cover change areas similar to the baseline period is a possibility, allocating speciﬁc areas within the
uture lease boundary that should be treated as non closed-circuted and closed-circuited will become a major issue and
akes the modelling exercise more complicated. Therefore, in this study, we  assume that all the projected future land-cover
hanges in the basin will be non-closed circuited areas that will still continue to drain into the Muskeg river system. As
dditional constraint, it is also assumed that water bodies and currently exposed land areas will not be affected in a major
ay by future development and as such are not available for the transition rules to be applied.
Using historical land-cover maps from 2005 to 2013, the rates of land-cover change are identiﬁed as shown in Table 4
here the second column represents the number of cells with exposed land and the third column shows the change in
he number of cells with exposed land between consecutive years. Therefore, the average value (397 cells) at the bottom
f the third column represents the average annual rate of land-cover change in the MRB. Because the time step of the CA
imulation is 2 years, a land-cover change of 800-cells per 2-years is assumed as a moderate level of Oil-Sands development in
he CA simulation. Based on this average rate, three different rates of land-cover change that describe different hypothetical
evels of future Oil-Sands development are considered; (1) a half of the moderate level, i.e. 400 cells (40 km2) as a low
evel development (LLD), (2) 800 cells (80 km2) as a moderate level development (MLD), and (3) 1200 cells (120 km2) as a
igh level development (HLD) for each two-years time-step. Among the total area of 3329 km2 (including the Muskeg and
urrounding regions) where the CA simulations are applied (see Figs. 5 and 6 in the results section), the leased areas assigned
or Oil-Sands development occupy 62% (2064 km2). With the HLD scenario, it will take at least 18 years to completely change
he land-cover type of the leased area from the current forest cover condition to exposed land. Only a fraction of this area
ill be affected for the two other scenarios of MLD  and LLD during the same 18 years period.
To validate the transition rules, the level of correspondence () deﬁned in Eq. (10) is calculated based on the historical
and-cover map.
 ˛ = 1
NC
NC∑
c=1
Lcwith
Lc = 1 ifLobs = Lsim
Lc = 0 ifLobs /= Lsim
(10)
here NC is total cell number within the Oil-Sands lease boundary, Lc is land-cover state in cell c, and Lobs and Lsim are a
and-cover type for observation and simulation. Using the historical land-cover maps from 2005 to 2010, transition rules are
eﬁned and calibrated. Then the 2012 land-cover condition is simulated with 2010 land-cover map  as an initial condition
nd validated by comparing the CA simulation with the 2012 historical land-cover map  based on the correspondence. Using
he transition rules form the validated CA model and the 2012 land-cover map  as an initial state, three future land-cover
aps are projected until 2030 based on the three hypothetical levels of Oil-Sands development; (1) Land 2030 LLD, (2) Land
030 MLD, and (3) Land 2030 HLD..3. The VIC process-based distributed hydrologic model
This study employs the VIC hydrologic model to investigate the impacts of climate and land-cover change on hydrological
esponses for the MRB. The VIC model is setup at a 1/40◦ grid resolution (≈8 km2), with full water and energy balances to
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Table 5
Water resources indicators (WRIs) and indicators of hydrologic alteration (IAHs) adapted from previous studies (Richter et al., 1996; Sanford et al., 2007;
Monk  et al., 2011) and their hydrological and ecological implications.
WRIs and IHAs No Examples of hydrological inﬂuence Examples of
ecological inﬂuence
Water resources indicators (WRIs)
Annual volume (m3), center of timing of annual ﬂow
(water year), median seasonal ﬂows
6 Annual and seasonal water volume,
and center timing of the annual ﬂow
mass
Availability and suitability of habitat
for aquatic organisms
Monthly ﬂow (m3/s) 12 Magnitude of monthly water
availability
Suitable habitat availability; inﬂuence
on secondary variables (e.g. water
temperature, oxygen, etc)
Annual mean 1-day, 3-day, 7-day, 30-day, 90-day
minimum and maximum (m3/s), baseﬂow (7-day
minimu/mean annual ﬂow)
11 Magnitude of annual ﬂood and drought
conditions
Duration of stressful conditions
Day  of each annual 1-day minimum and maximum 2 Timing of annual ﬂood and drought
conditions
Spawning cues for ﬁsh; compatibility
with life cycles of organisms
Rise/fall rate (median of all positive/negative changes in 3 Rate and frequency of hydrograph Drought (falling levels), ﬂooding (rising
ﬂow between consecutive days), number of reversals
(no. of switches between rising and falling period)
changes levels) or desiccation stress for low
mobility organism
Total 34
simulate snow accumulation, snow melt, baseﬂow and quickﬂow ﬂuxes at each grid cell, and streamﬂow at the outlet
(07D008 in Fig. 1) of the MRB.
To automate the calibration process, a dynamically dimensioned search (DDS) approach (Tolson and Shoemaker, 2007),
which provides the most rapid convergence to a good calibration solution is selected. DSS uses a simple stochastic algo-
rithm that searches single-solution based heuristic global solutions within a maximum evaluation number speciﬁed by
users. DDS is used to calibrate VIC with respect to ﬁve soil parameters that considerably affect hydrologic responses for
snow-dominated environments and the WNA  (Bennett et al., 2012; Schnorbus et al., 2010; Shi et al., 2008). The parameters
are inﬁltration curve parameter (binﬁlt), maximum velocity of baseﬂow (Dsmax), the fraction of Dsmax where non-linear
baseﬂow begins (Ds), the fraction of maximum soil moisture where non-linear baseﬂow occurs (Ws), and the exponent
parameter from the Brooks and Corey relationship (EXPT). In addition to the soil parameters, two routing model parame-
ters, velocity and diffusivity, are calibrated (Lohmann et al., 1996), thereby the total number of calibrated parameters are
seven, (ﬁve soil and two routing parameters). Detailed descriptions on each of these model parameters can be found at
http://www.hydro.washington.edu/Lettenmaier/Models/VIC/Documentation/SoilParam.shtml. The DDS tool is setup with a
multi-objective function that minimizes the summation of negative Nash–Sutcliffe coefﬁcient of efﬁciency (NS), a normal-
ized form of root mean square error (RMSEnormal), and RMSE of log-transformed streamﬂow (LRMSEnormal) to ﬁt parameters
for overall ﬂows and extreme (high and low) ﬂows simultaneously as shown in Eq. (11).
min

3∑
i=1
fi
f1 = −
[
1 −
{∑
(O − S)2/
∑
(O − O)
2
}  ]
, f2 =
√√√√∑(O − S)2/ N∑
i
O2
f3 =
√√√√∑(log O − log S)2/ N∑
i
(log O)2
(11)
where  is a parameter set, fi is ith objective function, N is the number of observation, O and S are observed and simulated
ﬂows, respectively.
Daily streamﬂow data from the VIC simulation and the observed data at an unregulated WSC  station (No. 07DA008)
near Fort Mackay were used to calibrate and validate the VIC model. The observed data from 1980 to 1988 when the local
hydrologic conditions are not inﬂuenced by the Oil-Sands development is selected for model calibration. The parameters
are calibrated under a natural condition (i.e. Land 2000) and then the model is applied to the validation period from 1989
to 2010.
3.4. Evaluation of impacts of climate and land-cover changes
The impacts of land-cover and climate changes are evaluated using 34 hydrologic indicators, a combination of 6 WRIs and
28 IHAs as shown in Table 5. The indicators quantify magnitude, timing, duration frequency and change rate of hydrologic
regimes (Monk et al., 2011). The Indicators of Hydrologic Alteration software version 7.1.0.10 (The Nature Conservancy,
2009) is used to calculate the WRIs and IHAs from the stream ﬂow simulations generated by the VIC model corresponding
to each combination of the four land-cover types (Land 2000 and the three future land cover scenarios for 2030 (Land 2030)
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Table  6
Performance of the hydrologic model (VIC) during the calibration and validation periods as measured by the three performance metrics (NS is Nash–Sutcliffe
coefﬁcient of efﬁciency, RMSEnormal is a normalized form of root mean square error, and LRMSEnormal is a normalized form of RMSE for log-transformed
streamﬂow).
Periods NS RMSEnormal LRMSEnormal
s
t
p
b
a
t
Z
p
t
l
i
c
f
H
H
f
w
5
o
b
r
(
w
t
p
o
c
c
l
p
f
l
a
4
4
tCalibration(1980–1988) 0.63 0.52 0.80
Validation (1989–2010) 0.52 0.56 0.68
imulated with the CA model) and 24 CMIP5 climate projections. The VIC simulations are implemented for multiple 30-year
ime windows, i.e. 1981–2010 (1990s) as a reference period, and 2041–2070 (2050s) and 2071–2100 (2080s) as two future
eriods. After obtaining the 34 indicators for all combinations of climate and land-cover conditions, the changes of indicators
etween two time periods (e.g. reference and 2050s) or two land-cover scenarios (e.g. Land 2000 and Land 2030 HLD) are
nalyzed using a hydrologic alteration factor (HAF) that employs the range of variability approach (RVA, Richter et al., 1996)
o deﬁne the extents to which different ranges of the natural ﬂow regimes have been altered (Mathews and Richter, 2007;
olezzi et al., 2009; Shrestha et al., 2013). The three ranges considered in this study are deﬁned as: (1) High (above 67th
ercentile), (2) Middle (33rd–67th percentiles), and (3) Low (below 33rd percentile). Then, HAFs are calculated for each of
he three deﬁned range using Eq. (12).
HAF = (Projectedfrequency − Referencefrequency)/Referencefrequency (12)
A positive HAF indicates that the frequency of simulated streamﬂow in a speciﬁc range increases due to the impacts of
and-cover or climate change. The HAF provides a useful index to detect an alteration of the distribution of the hydrologic
ndicators caused by land use and/or climate change. For instance, a positive HAF in the high tercile from two  land-cover
onditions (e.g. Land 2000 and Land 2030 HLD) means that high streamﬂow values (above 67th percentile) occur more
requently under Land 2030 HLD than those under a natural condition (Land 2000). By deﬁnition of Eq. (12), the range of
AF is between −1.0 and 2.0 with a zero value indicating no hydrologic alteration. An upper and a lower threshold values for
AFs of 0.42 and −0.42, respectively, corresponding to a 5% statistical signiﬁcant level of hydrological alteration are selected
or this study using a statistic (Eq. 13) for the proportion test.
z = pˆ − p0√
p0(1−p0)
N
(13)
here pˆ and p0 are projected and expected proportions, respectively, and N is sample size (N = 30 years in this study). At a
% statistical signiﬁcant level, p0 and z in equation 13 are 1/3 and ±1.65, resulting in the upper and lower threshold values
f 0.42 and −0.42 respectively. That is, there are statistically signiﬁcance changes in the IHAs if HAFs are out of the range
etween those threshold values of HAFs. In addition to HAF, the contribution of snow to streamﬂow (RSR) expressed by the
atio of maximum snow water equivalent (SWEmax) in a year (water year from October to September) to annual streamﬂow
Déry et al., 2005) is also evaluated using Eq. (14).
RSR =
1
Y
Y∑
y=1
(
1
N
N∑
i=1
SWEi,ymax
Rya
)
(14)
here SWEi,ymax is SWEmax in yth year at grid i, Ray is annual streamﬂow in yth year. The simulated streamﬂow is converted
o depth in mm by dividing it with the drainage area, consequently non-dimensional values of RSR is calculated at each grid
oint and then a single RSR is obtained by spatially averaging over the MRB. The higher RSR represents the higher contribution
f snow to streamﬂow and vice versa.
In order to evaluate the impacts of land-cover change, HAFs are evaluated using the VIC streamﬂow simulations with land
over types corresponding to the Land 2000 and each of the three Land 2030 projections. On the other hand, the impacts of
limate change on streamﬂow are examined by WRIs and IHAs evaluated from the VIC simulations employing the Land 2000
and cover type and each of the 24 climate projections (6 GCM × 2 downscaling methods × 2 RCPs) for the three 30-year
eriods [i.e. 1990s, 2050s, and 2080s]. Then, HAFs for the three RVA are obtained for each climate projection by comparing
requencies of reference (expected) and future (simulated) periods as shown in Eq. (12). Moreover, combined impacts of
and-cover and climate changes are evaluated based on the VIC simulations with Land 2000 as well as with Land 2030 HLD
nd the 24 climate scenarios projections.
. Results and discussion.1. Calibration and validation of VIC
Table 6 shows VIC’s performance with respect to each objective during the calibration and validation periods. NS for
he calibration period is 0.63 but while NS for the validation period decreases to 0.52. The VIC simulations show a good
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Fig. 2. Monthly observed and simulated streamﬂows at the MRB outlet station (07DA008) corresponding to the calibration and validation periods.
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∆ QacFig. 3. Annual mean ﬂow variations from the mean annual ﬂow during the reference period (Q),  accumulations of streamﬂow deviation resulting from
land-cover change(Qal) and inter-annual climate variability (Qac) over the historical land-cover change period of 2001–2010.
agreement with observation for wet years rather than dry years during the calibration period, in particular it overestimated
ﬂows in the 1984 low ﬂow year as shown in Fig. 2. Consequently, the performance in terms of RMSEnormal is better than that
of LRMSEnormal for the calibration period. However, the performance in terms of LRMSEnormal show improvement for the
validation period because of more dry years in the validation period while the values of NS and RMSEnormal are degraded.
Overall, the calibrated model is able to reproduce the observed streamﬂow reasonably well, i.e. higher NS values than 0.5
(Moriasi et al., 2007). Therefore, it is deemed acceptable to use for the study of impacts of climate and land-cover changes
in the MRB.
4.2. Relative contributions of climate variability and land-cover change to changes in MRB  streamﬂow
Fig. 3 presents the accumulation of annual mean ﬂow variation from that of the reference period (Qa), accumulated
streamﬂow deviation due to land-cover change (Qal), and accumulated streamﬂow variation from climate variability
(Qac) during the 2001 to 2010 time period. The results in this ﬁgure show that the relative contributions of accumulated
land-cover change and inter-annual climate variability to the observed streamﬂow variation are mostly in opposite direction.
While the land-cover change resulted in increasing streamﬂow, the inter-annual climate variability on the other hand
resulted in decreasing streamﬂow. The compensating effects of the two factors resulted in no visible trend in annual mean
ﬂow variation during the 2001 to 2010 time period. The relative contributions of land-cover change (Rl) and inter-annual
climate variability (Rc) for each year’s streamﬂow variation are presented in Fig. 4. The result shows how these relative
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Fig. 4. Relative contributions of land-cover change (Rl) and inter-annual climate variability (Rc) to annual streamﬂow in the MRB  during the historical
land-cover disturbance period of 2001–2010.
Table 7
Percentages of each land-cover type corresponding to Land 2000 and the 2030 land-cover projections at the three hypothetical levels (low, medium and
high  levels) of the Oil-Sands development.
Land-cover type Land 2000(1) Land 2030 LLD Land 2030 MLD  Land 2030 HLD(2) (2)–(1)
Water 0.6 0.6 0.6 0.6 0.0
Exposed Land 0.4 33.6 49.9 71.6 71.2
Shrub  0.4 0.3 0.2 0.1 −0.3
Wetland 30.8 20.3 14.0 8.1 −22.7
c
h
c
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(
v
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m
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4
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(
tConiferous 56.5 39.8 30.9 17.5 −39.0
Broadleaf 10.1 4.8 3.8 1.6 −8.5
Mixedwood 1.1 0.7 0.6 0.5 −0.6
ontributions vary from year to year; for example, the contribution of land cover change Rl (93.5%) in 2005 is relatively very
igh when compared to the contribution of inter-annual climate variability Rc (only 6.5%), indicating that the land-cover
hange is probably the main reason for the large discrepancy between the observed and simulated annual ﬂows in 2005.
verall, the average contribution of land-cover change (53%) is slightly higher than that of inter-annual climate variability
47%) during the 2001 to 2010 time period. This result indicates that the impacts of both land-cover change and climate
ariability on the hydrologic regime of the MRB  needs to be considered for reliable projection of water availability in the
egion.
.3. The CA model validation and land-cover change projections
Using 2010 historical land-cover map  as an initial condition, the calibrated CA model is used to simulate land-cover
ap for 2012 and the performance of the CA model is measured by comparing with the 2012 historical land cover map.
he result shows that the CA reproduces the historical land-cover map  very well, with correspondence  = 0.91 as shown
n Fig. 5. It demonstrates that the transition rules identiﬁed during calibration properly reﬂected the spatial evolution of
and-cover reasonably well. The CA model is then applied to simulate future land-cover scenarios until the year 2030 based
n the three hypothetical levels of the Oil-Sands development as shown in Fig. 6. The results show the projected land-covers
s they evolve adjacent to the existing Oil-Sands mines (refer to Fig. 1). Table 7 shows the percentages of each land-cover
ypes corresponding to Land 2000 baseline and the land-cover projections in 2030 at the three hypothetical levels of future
il-Sands development. Under the LLD, exposed land increases by 33.2% (33.6–0.4%) while the percentage of exposed land
nder HLD increases by 71.2% (71.6–0.4%) mainly with the coniferous and wetland areas being transformed to exposed land.
.4. Hydrologic impacts of land-cover changeThe streamﬂow in the MRB  corresponding to the reference land-cover type (Land 2000) and hydrologic alterations to the
hree future land-cover scenario projections corresponding to the three hypothetical levels of future Oil-Sands development
Land 2030 LDD, Land 2030 MLD, and Land 2030 HLD) are analyzed in this section. Fig. 7 represents HAFs of 34 indicators
hat are computed from the VIC simulations corresponding to the reference land cover types (Land 2000) and the projected
208 H.-I. Eum et al. / Journal of Hydrology: Regional Studies 8 (2016) 198–221Fig. 5. Comparison of the historical (a) and the CA simulated (b) land-cover maps for the Year 2012 (Correspondence  = 0.91).
three sets of future land cover types (Land 2030) using climate forcings from ANUSPLIN data of 1981 to 2010. For the six
WRIs, the HAFs for the high tercile are signiﬁcantly positive except the spring streamﬂow where the HAFs for the high tercile
are negative and the most signiﬁcant changes are exhibited for the case of Land 2030 HLD. On the contrary, the HAFs for the
middle and low tercile are all signiﬁcantly negative except for the spring streamﬂow in which the HAFs show signiﬁcantly
positive increase for only the middle tercile for Land 2030 HLD. Moreover, the HAFs (either positive or negative) are higher
as the hypothetical level of Oil-Sands development is higher. Such result indicates that the annual mean and the mean
values of each of the three seasonal ﬂows increase with the increase in the proportion of exposed land resulting from the
Oil-Sands development while the corresponding mean spring ﬂow decreases. Such result is consistent with the work of
Oogathoo (2006) that suggested 11% increase in total ﬂow from deforestation. The monthly mean ﬂows also show an overall
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iFig. 6. CA model projections of the Year 2030 Land-cover maps corresponding to the three hypothetical levels of the Oil-Sands development.
ncrease in most months except for April, May, and June with a pronounced increase during high ﬂow months (i.e. July to
eptember). Fig. 7 also shows prominent signiﬁcant increases in annual minimum and maximum ﬂows. For instance, the
ncrease in median ﬂow values between reference (Land 2000) and Land 2030 HLD scenarios is 7.6 m3/s on average for the
igh ﬂow months and 0.6 m3/s for winter ﬂow months from November to March. Regarding the timing of annual minimum
nd maximum ﬂows, the HAFs for the high tercile are signiﬁcantly negative and positive values, respectively, indicating
hat annual minimum ﬂows occur earlier moving, on average, from March 19th for the reference (Land 2000) to March
th (Land 2030 HLD) while the date of annual maximum ﬂow is delayed from June 20th for the reference (Land 2000) to
ugust 11th (Land 2030 HLD). The delay in the date of annual maximum ﬂow indicates that, with expanded exposed land
n the region, the projected peak ﬂows will most probably be caused by summer precipitation events rather than spring
210 H.-I. Eum et al. / Journal of Hydrology: Regional Studies 8 (2016) 198–221
   
(a) HAFs for 6 WHIs and IHAs of monthly flow  
   
(b) HAFs for 16  IHAs representing  magnitude and ti ming  of extremes and rate of change s 
-1
-0.5
0
0.5
1
1.5
2
H
AF
s
High Tercile (Land 2030 LLD) High Tercile (Land 2030 MLD) High Tercile (Land 2030 HLD)
Middel  Tercile (Land  2030  LL D) Middel  Tercile  (Land 20 30 MLD) Middel  Tercile  (Land  2030  HLD)
Low Tercile (Land 2030  LL D) Low Tercile (Land  203 0 MLD) Low Tercile  (Land 2030  HLD)
-1
-0.5
0
0.5
1
1.5
2
HA
Fs
High Tercile (Land 20 30 LL D) High Tercile  (Land  2030  MLD) High Tercil e (Land 20 30 HLD)
Middel  Tercile (Land  2030  LL D) Middel  Tercile  (Land 20 30 MLD) Middel  Tercile  (Land  2030  HLD)
Low Tercile (Land 2030  LL D) Low Tercile (Land  203 0 MLD) Low Tercile  (Land 2030  HLD)
Fig. 7. HAFs computed from the VIC simulations corresponding to the Land 2000 and the three levels of Land 2030 land cover maps and driven by the
observed (ANUSPLIN) climate data of the 1981–2010 reference period. Bold black dotted lines represent upper and lower threshold lines from a proportion
test  at 5% signiﬁcance level.
Table 8
Mean annual maximum snow water equivalent (SWEmax), mean annual runoff (Ra), contribution of snow to streamﬂow (RSR), and the percentage change
of  RSR between Land 2000 and the three future land-cover scenarios (based on VIC simulations based on observed (ANUSPLIN) climate data from 1981 to
2010  and each of the four land-cover maps).
Land-cover SWEmax [mm]  Ra [mm] RSR Percentage change in RSR from that of Land 2000
Land 2000 73 84 0.88 –
Land 2030 LLD 69 127 0.55 −38
Land 2030 MLD  68 152 0.44 −49
Land 2030 HLD 64 169 0.38 −57
freshets as in the reference condition. This is corroborated by the results presented in Table 8 that show SWEmax, Ra, and RSR
that are averaged temporally and spatially over the MRB  during the 30-year time period, corresponding to each of the four
land-cover scenarios employed in the study. The increase in Ra is mainly associated with the increase in summer and winter
ﬂows, while the decrease in SWEmax is attributed to the increase in evapotranspiration during winter as shown in Fig. 8(a)
and (b). The opposite responses of SWEmax and Ra to the land-cover change enhance the decrease in the RSR, indicating that
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lig. 8. Alterations of monthly evapotranspiration and snow water equivalent (SWE) values derived from the VIC simulations corresponding to the Land
000  and the three levels of Land 2030 land cover maps and driven by the observed (ANUSPLIN) climate data of the 1981–2010 reference period.
he land-cover changes will result in projected decreases in the relative contribution of snow to streamﬂow depending on
he level of exposed land cover.
The projected changes in the snow contribution and the corresponding changes in seasonal ﬂows resulted mainly from
he alteration of the evapotranspiration regime by the removal of part of the natural forest cover as shown in Fig. 8(a).
he VIC model calculates transpiration from vegetation as well as evaporation from plant canopy and bare soil as fractions
f the potential evapotranspiration calculated by the Penman-Monteith equation. The total evapotranspiration over a grid
ell is computed as the sum of the three components, weighted by the respective surface cover area fractions. Canopy
vaporation and vegetation transpiration are a function of monthly Leaf Area Index (LAI) and the aerodynamic resistance for
ach vegetation type, while bare soil evaporation mainly depends on the inﬁltration capacity and soil moisture. Therefore,
educing the forest cover results in increases in bare soil evaporation and decreases in canopy evaporation and vegetation
ranspiration. Incoming short- and longwave radiation, and wind speed are also attenuated by forest canopy when present,
mplying that these variables will have higher values for exposed land compared to forested areas. For the winter snowfall
eason (November to April), the increase in exposed land will lead to an increase in snow sublimation (including blowing
now sublimation) resulting in decreases in snow accumulation on the ground and the subsequent snowmelt runoff. During
he warm seasons (May to September), however, increases in exposed land in the future projection will lead to decreases in
vapotranspiration because of decreases in both canopy evaporation and vegetation transpiration. In general, the increased
ublimation during the winter season results in less snow accumulation [and hence less SWEmax as shown in Fig. 8(b)] that
eads to reduced snow-melt leading to decrease in spring ﬂows. On the other hand, the decreased evapotranspiration during
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the warm and rainy months along with increased inﬁltration into the exposed land, lead to the projected increase in summer
and autumn ﬂows.
4.5. Climate change projections
The changes in mean seasonal precipitation and temperature between the reference (1990s) and the two future periods
(2050 s and 2080 s) are presented in Fig. 9 to illustrate the projected changes in climate over the MRB  corresponding to
each of the 6 GCMs, the two downscaling methods (i.e. BCCI and BCSD) and the two emission scenarios (i.e. RCP4.5 and
RCP8.5). All climate projections show increases in temperature for all seasons, with higher increases for the higher emission
scenario. In particular, higher increases are prominent during the winter season ranging from 3.5 ◦C to 7.8 ◦C while the
other seasons are projected to increase between 2.0 ◦C and 5.5 ◦C. This result is consistent with the prior climate change
studies (Chen et al., 2011; Eum et al., 2013) that suggested higher projected increases in winter temperature in this region.
Seasonal precipitation is also increasing in most cases, and in particular ranging from 20% to 60% in spring for RCP8.5 in
2080s. However, the projected change in summer precipitation is not consistent, where 33% and 42% of the cases project
decreases during 2050 s and 2080s, respectively while the rest projected increases. The ranges (spread) in projected changes
in precipitation and temperature are also larger for RCP8.5 in 2080 s than RCP4.5 in 2050s, implying that the uncertainties
in the CMIP5 climate projections get larger for higher emission scenario during the latter time period.
4.6. Hydrologic impacts of climate change
Using all of the 34 hydrologic indicators for the climate change impacts study would have made the analysis more difﬁcult
to derive the important implications from this study. Instead, only those indicators that well represent the alteration of
hydrologic responses for the MRB  based on the results of the land-cover change simulations are identiﬁed. Therefore, the
potential impacts of the projected climate change on the hydrologic regime of the MRB  is analyzed using the six WRIs and
four of the IHAs (annual minimum and maximum ﬂows, date of annual minimum ﬂow, and date of annual maximum ﬂow).
HAFs for each tercile are calculated for these ten indicators to investigate the potential impacts of climate change. Fig. 10
shows the ensemble mean HAFs that are derived from individual HAFs of 12 sets of GCM-driven VIC simulations for each
of the three 30-year time periods (1990s, 2050s, and 2080s) under the reference land-cover condition (i.e. Land 2000). The
results show signiﬁcantly positive HAFs only in the high tercile for winter and spring ﬂows during 2080s. The increase in
spring ﬂows resulted from the projected increase in spring precipitation (refer to Fig. 9) and an earlier snow-melting due to
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he projected increase in temperature (not shown here), which also causes a decrease (getting earlier) in the center time of
nnual ﬂows.
Although the HAFs of the annual minimum and maximum ﬂows show non-signiﬁcant changes, they are mostly positive
or the high and low terciles while they are negative for the middle tercile (see Fig. 10). These indicate that, the frequency of
igh and low values of the annual minimum and maximum ﬂows are projected to increase, implying projected increases in
tream ﬂow variability in the MRB  as a result of climate change. The dates of both annual minimum and maximum ﬂows are
lso projected to decrease (i.e. occurring earlier) because of earlier start of the snowmelt season. The average date of annual
aximum ﬂow corresponding to RCP8.5 scenario shifts from May  4th to April 23rd in 2080 s resulting from the increased
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Table 9
Average values of SWEmax, Ra, RSR, and the percentage changes of RSR between the contemporary (1990s) and the two future periods (2050s and 2080s) (The
analysis is based on VIC simulations with Land 2000 and the CMIP5 climate scenarios); All results represent the ensemble mean values of 12 simulations
(climate  data from 6 GCMs × 2 SD methods).
RCP/Time period SWEmax [mm]  Ra [mm]  RSR Change percentage of RSR from the 1990s
RCP4.5/1990s 86 103 0.93 –
RCP8.5/1990s 85 100 0.95 –
RCP4.5/2050s 85 104 0.92 −1
RCP8.5/2050s 86 108 0.92 −3
RCP4.5/2080s 84 116 0.81 −13
RCP8.5/2080s 74 116 0.77 −18
and earlier snow-melt simulated for the future periods. These results indicate that the change in spring ﬂow plays a crucial
role in the timing and amount of both annual minimum and maximum ﬂows as well as the center time of annual ﬂows in
the MRB. Table 9 presents summary of the VIC simulations for SWEmax, annual streamﬂow, and RSR from the ensemble of
the 12 scenarios (from 6 GCMs and two downscaling techniques) for each of the 2 emission scenarios and three 30-year
time periods. The results show that SWEmax is projected to decreases slightly except for RCP8.5/2050 s that show a slight
increase (of 1 mm).  At the same time the runoff Ra,which mostly occur during the spring and winter seasons, has shown some
increases. Consequently, the contribution of snow to runoff RSR corresponding to the RCP8.5 scenario in 2080 s is projected
to decrease by up to 18% as compared with that in 1990s.
4.7. Combined impacts of climate and land-cover changes on the hydrologic regime of the MRB
The combined impacts of climate and land-cover changes on hydrologic responses of the MRB  are evaluated using the
24 downscaled CMIP5 climate projections corresponding to each of the four land-cover maps (Land 2000, Land 2030 LLD,
MLD, and HLD). Fig. 11 shows the HAFs for each of the three ranges that are computed from the multiple GCM-driven VIC
simulations corresponding to the Land 2000 for the 1990s (representing the undisturbed baseline condition) and the three
Land 2030 with each of the two 30-year future periods (i.e. 2050s and 2080s representing the combined effect of land use and
climate change). In other words, the VIC simulations corresponding to the combined effects of each of the three hypothetical
levels of future land-cover changes with each of the future climate projections are compared with those simulated for the
baseline period of 1981 to 2010 under the undisturbed land cover condition of Land 2000. Fig. 11 shows increases in annual
and seasonal ﬂows with signiﬁcant proportion changes in all terciles, resulting from the combined effects of climate and
land-cover changes. The center time of annual ﬂow is also shifted to be earlier (i.e. signiﬁcant proportion changes in the
low terciles) because of earlier snow-melt and increase in spring ﬂow. With respect to the annual minimum and maximum
ﬂows, HAFs for the annual minimum ﬂow show prominent signiﬁcant proportion changes in all tericiles, especially strong
positive changes in the high tercile. HAFs for the annual maximum ﬂow also show signiﬁcant positive changes only for the
HLD under RCP8.5. The results indicate that combined impacts of climate and land-cover changes are larger for the case of
annual minimum ﬂow than the annual maximum ﬂow. The results also show annual minimum ﬂows occurring earlier and
annual maximum ﬂows occurring later than the baseline period. Table 10 also presents the changes in SWEmax, Ra, and RSR
corresponding to each of the land-cover maps and time periods. As in Tables 8 and 9, SWEmax decreases but Ra increases,
thereby RSR decreases by up to 66% from 0.95 (Land 2000 and the reference period) to 0.32 (Land 2030 HLD and RCP 8.5 for
2080s). These results also indicate that the combined effects of climate and land-cover changes enhance the corresponding
changes in SWEmax, Ra, and RSR.
A sensitivity analysis is also performed to identify how the different hydrologic indicators would change with respect
to climate versus land-cover change in the MRB. Fig. 12 shows changes in hydrologic indicators corresponding to change
in land-cover between the Land 2000 and the three Land 2030 projections versus change in climate condition between the
baseline (1990s) and each of the two future time periods/emission scenario combinations. Therefore, each combination of
emission scenario (RCP) and future time period resulted in three plotting points on the graph corresponding to each of the
three future land cover scenarios. For example, changes in a particular hydrologic indicator by 2050s corresponding to each
of the three future land-cover scenarios and the RCP4.5 emission scenario are obtained as difference of the indicator values
between those derived from the VIC simulation under Land 2000 and the three levels of Land 2030 with the RCP4.5 climate
projection for 2050s. If those plotting positions for a particular hydrologic indicator are above the diagonal line, it indicates
that the impact of land cover change on that indicator is higher than that of climate change and vice versa. The effect of
climate change is isolated by comparing historical forcing (1990s) to future forcings (2050s and 2080s) conditioned by one
of the three land-cover projections. Therefore, we  can detect independence between climate and land-cover changes on
hydrologic projections by identifying if the three points for given climate forcings are plotted along a vertical line.
The magnitude of change in each hydrologic indicator corresponding to projected change in climate is greater in the case of
higher emission scenarios and time periods further from the reference period, i.e. RCP8.5 (2080s). The sensitivity of hydrologic
indicators to changes in land cover shows that most of the indicators are more sensitive to land-cover change except spring
ﬂow and snow-related indicators (i.e. SWEmax and RSR) which are more sensitive to climate change. The averaged changes
in simulated spring ﬂows corresponding to climate and land-cover change are 2.2 m3/s and 0.7 m3/sec, indicating that
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Fig. 11. HAFs derived from the VIC hydrologic simulations with the Land 2000 for the reference period and the three levels of Land 2030 for the future
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ﬂeriods. The model is driven by climate scenarios corresponding to the reference (1980–2010) and the two  future periods (2050s and 2080s) [the results
epresent ensemble mean values of model simulations driven by each of the 12 sets of climate scenario (6 GCMs and 2 SD)]. Bold black dotted lines represent
pper and lower threshold lines from the proportion test at 5% signiﬁcance level.
he relative contributions of climate and land-cover changes to the change in spring ﬂows are 75% and 25%, respectively.
owever, the contribution of land-cover change on streamﬂows for other seasons is more than that of climate change. For
xample, the averaged changes of annual ﬂows corresponding to climate and land-cover change are 13.8 × 106 m3/year and
6 304.0 × 10 m /year, resulting in 88% and 12% relative contributions of land-cover and climate changes to annual ﬂows,
espectively. These results indicate that land-cover change plays a more important role in changes of hydrologic responses
n the MRB  except for spring ﬂows that are signiﬁcantly inﬂuenced by climate change. In other words, while simulated spring
ow decreases as a result of projected land-cover change, it is also projected to increase as a result of both climate change and
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Table 10
Average values of SWEmax, Ra , and RSR based on the VIC hydrologic simulations corresponding to combinations of CMIP5 climate scenarios and the different
land-cover projections for the contemporary and future periods; All results represent the ensemble mean values of 12 simulations (climate data from 6
GCMs  × 2 SD methods).
Time period RCP Land Type SWEmax Ra RSR
1990s RCP4.5 Land 2000 86 103 0.93
LLD  82 148 0.58
MLD  80 174 0.48
HLD  76 191 0.42
RCP8.5 Land 2000 85 100 0.95
LLD  81 145 0.59
MLD  79 171 0.48
HLD  76 188 0.42
2050s  RCP4.5 Land 2000 85 104 0.92
LLD  82 143 0.61
MLD  80 170 0.50
HLD  77 194 0.41
RCP8.5 Land 2000 86 108 0.92
LLD  83 148 0.60
MLD  81 178 0.48
HLD  78 201 0.41
2080s  RCP4.5 Land 2000 84 116 0.81
LLD  80 157 0.55
MLD  79 185 0.45
HLD  75 210 0.38
RCP8.5 Land 2000 74 116 0.77
LLD  71 161 0.49
MLD  69 195 0.38
HLD  66 221 0.32
the combined effects of climate and land use changes. Such results indicate that increase in precipitation and temperature
from the climate projections may  offset the projected decrease in streamﬂow due to land cover change and result in an
overall increase in spring ﬂows. This is veriﬁed in the assessment of combined impacts of climate and land-cover changes on
spring ﬂows, where the contribution of climate change to spring ﬂows is much higher (75% in this study) than that of land-
cover change. Given that the impact on spring ﬂows may  vary with inter-annual climate variability, however, a relatively low
ﬂow spring condition may  still prevail during periods of relatively dryer climate condition along with the various projected
levels of land cover changes in the region. Regarding the effects of climate and land-cover changes, considerable interactions
(i.e. dependences) between climate and land-cover changes are detected in spring ﬂow, winter ﬂow, minimum ﬂow, and
dates of minimum and maximum ﬂows. These indicators are strongly inﬂuenced by changes related to land-cover such
as evapotranspiration and SWE  (refer to Fig. 8). Therefore, the independent and additive assumption between climate and
land-cover changes may  not be valid for these ﬂows. However, annual ﬂow in Fig. 12(a) shows weak climate-land cover
interaction such as that of summer ﬂow indicating that the assumption in the double-mass curve approach (Section 4.1) are
valid in the cases of both annual and summer ﬂows.
5. Summary and conclusions
The study presents a comparative evaluation of the potential impacts of climate and land-cover changes on hydrologic
responses in the MRB  of the lower Athabasca region in northern Alberta, Canada. A dynamic land-cover simulation model, CA,
is used to generate land-cover change scenarios corresponding to three hypothetical levels of future Oil-Sands development
in the region. The fully distributed and process-based VIC model is coupled with these future land covers to simulate stream-
ﬂow for the reference (1990s) and two future 30-year time periods (2050s, and 2080s) under the statistically downscaled
CMIP5 climate projections. Finally, the combined impacts of land-cover and climate change are assessed using a number of
hydrological indicators (WRIs and IHAs). The main ﬁndings of the study are summarized as follows:
The impacts of land-cover changes
• Spring ﬂows in the MRB  are generally projected to decrease with increase in exposed land corresponding to the different
hypothetical levels of the Oil Sands development in the basin. This decrease in spring ﬂow is associated with the decrease
in winter snow accumulation (and the corresponding decrease in snowmelt runoff) as a result of increased sublimation
losses from exposed land.
• Annual and other seasonal ﬂows increase with the increase of exposed land because of changes in summer evapotranspi-
ration and autumn and winter runoffs. This study also found that annual minimum ﬂows occurred earlier while the date
of annual maximum ﬂow was delayed as a result of the projected land-cover change scenarios.
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Hydrologic impacts of climate change
• Projected climate scenarios resulted in increases in annual and winter ﬂows while decreasing in the date of annual
maximum and minimum ﬂows due to earlier snowmelt timing.
• Increase in spring ﬂows was also simulated due to the increased spring precipitation and an earlier snow-melting from
warmer temperature, causing earlier date of annual maximum ﬂow. Such result indicates that the alteration of spring
ﬂows by climate change plays a crucial role in the changes of timing and amount of maximum ﬂows.
The combined impacts of climate and land-cover change
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Fig. 12. Sensitivity of the hydrologic indicators to changes in land-cover types between Land 2000 and the three hypothetical levels of Land 2030 as well
as  to climate change scenarios between the reference (1980–2010) and the two future periods (2050 s and 2080 s) combined with each level of land-cover
projection.
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Fig. 12. (Continued)
• The effect of climate change on spring ﬂow was higher (but with opposite sign) than that of the land-use change resulting
in a combined effects of increasing spring ﬂow and a shifting to earlier dates of the center time of annual ﬂow, as well as
the dates of annual maximum and minimum ﬂows.
• Most of the other hydrologic indicators are found to be more sensitive to the land-cover changes indicating that land-cover
change may  play a relatively more important role in the future hydrologic response for the MRB  except for that of the
spring ﬂow.In general, this study highlights the effects of both climate and land-cover changes that need to be considered for appropri-
ate evaluation of the future hydrologic regime and water availability in the MRB  where signiﬁcant Oil-Sands developments
are taking place and future expansions are planned. However, the results presented and the conclusions reached will be
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alid only when the fundamental assumption that the areas that will be affected by the various levels of future Oil-Sands
evelopment in the MRB  will not be hydrologically closed-circuited, and still contribute to stream ﬂow in the river. For more
ccurate assessment of potential changes in hydrologic responses, future land-cover projections considering additional sce-
arios with hydrologically closed-circuited areas and those reclaimed areas returning back to forest from exposed land are
ecessary. Similar analysis over the other sub-basins within the lower Athabasca River Basin would also help achieve a more
omplete picture of the hydrologic impacts of the Oil-Sands development in the region. Besides the issues related to water
uantity, the Oil-Sands development in the region may  affect various aspects of environment components such as air, water
uality, land and biodiversity (CEMA, 2006; The Governments of Canada and Alberta, 2012). In the meantime, therefore,
 more efﬁcient monitoring system and robust water resources management policy are required to minimize cumulative
nvironment impacts in the region.
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